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This insight opens the way towards a novel design strategy for H 2 generating molecular photocatalysts.
Hydrogen generating molecular photocatalysts that mimic natural photosynthesis have been studied intensively in recent years. 1 Since the first reports on H 2 evolving Ru/M (M = Pt or Pd) bimetallic photocatalysts independently published by Sakai and Rau in 2006, 2 many efforts have been made to increase the H 2 generation efficiency in terms of both the turn-over number (TON) and turnover frequency (TOF) . 3 Such optimisation studies are, however, complex since the photocatalytic efficiency is the result of a sequence of photophysical and photochemical processes occurring in a broad window of time scales. A sacrificial agent such as triethylamine (TEA) is required to regenerate the photosensitiser by electron donation to the formally oxidised Ru(III) centre. This process however also results in the formation of radicals, which may lead to side reactions by reacting with solvents (Section S5, ESI †). The presence of TEA, thus, prevents photophysical studies under catalytic conditions. However, earlier studies showed that the early-time (fs-ns) photodynamics under non-catalytic conditions provide important mechanistic insight into the photocatalytic performance. For instance, it was concluded that the electron density distribution of the initial photoexcited state determines the H 2 generation efficiency. 4 Furthermore, the occurrence of intramolecular electron transfer in the ps time window was shown to be essential. 5 Hence, understanding of the fundamental early-time photodynamics is an important first step towards the design of improved photocatalysts. Such knowledge also facilitates the investigation of subsequent processes occurring at later time scales. This communication will therefore focus on the early-time photodynamics.
The early-time photodynamics and photocatalytic efficiency have been shown to be dependent on the peripheral/bridging ligands and the catalytic centre. 6 Resonance Raman studies on various Ru/Pt and Ru/Pd complexes indicate that photoexcitation leads to the population of singlet 1 MLCT (metal-to-ligand charge transfer) states based on both the peripheral and bridging ligands. 5a,b,6a The intertwined involvement of these components suggests the importance of dynamic communication between different functional groups especially in the excited states. For instance, inter-ligand electron transfer has been observed in RuPd (Fig. 1 ) on a ps time scale, competing with vibrational cooling of excited states localised on the peripheral ligands, limiting the charge transfer efficiency towards the bridging ligand. 5a Functionalising the bridging ligand of a Ru/Pt photocatalyst with an electron withdrawing CN group was observed to accelerate electron transfer to the bridging ligand and the H 2 generation rate. 5c Based on these observations, it is commonly accepted that a favouring population of excited states localised on the bridging ligand is essential for efficient photocatalysis. Generally the bridging ligand is designed to facilitate electron transfer from the photosensitiser to the catalytic centre, and store the photogenerated electron prior to any subsequent photochemical reactions. 4,6d However, a recent study shows that an additional charge localised on the bridging ligand of an electrochemically mono-reduced Ru/Pt catalyst prevents directional transfer of the second electron. 7 Utilisation of triplet 3 MLCT states localised on the peripheral ligands is envisioned to be a pathway to increasing the efficiency of the essential second electron transfer process.
Indeed, comparison of a series of Ru/Pt and Ru/Pd complexes raises several questions. Two closely related bimetallic assemblies based on the same di(pyridine-2-yl)pyrazine (2,5-dpp) bridging ligand are both inactive in photocatalytic hydrogen generation, 3a,6b suggesting that 2,5-dpp is not a suitable bridging ligand. Remarkably, functionalisation with ester groups of the peripheral 2,2 0 -bipyridine (bpy) ligands leads to a complex showing a TON of 400. 6b A similar effect was also observed for 2,3-dpp bridged complexes. 6a,8 More recently, two related Ru/Pt complexes based on a 2,2 0 :5 0 ,2 00 -terpyridine (tpy) bridging ligand have been investigated by our groups (RuPt and EtOOCRuPt, Fig. 1 ). EtOOCRuPt shows a significantly improved performance (TON = 650 after 6 h of irradiation at 470 nm) as compared to RuPt (TON = 80) in the same reaction conditions. 9 For RuPd, a TON of 120 was reported.
6c
Although hydrogen generation depends on other parameters as well, it becomes clear that the peripheral ligands play a central role.
To the best of our knowledge, no photodynamical investigation has been reported to explain the beneficial effect of ester functionalised peripheral ligands of these complexes. Intersystem crossing (ISC) to the triplet manifold in Ru(II)-polypyridyl complexes is known to occur within 100 fs after photoexcitation 10 and hence it is the energetics of the triplet states that determine the early-time photodynamics. The geometries and spin density distribution at the minima of the lowest 3 MLCT states (Fig. 2) calculated by density functional theory (DFT), indicate that the order of the 3 MLCT states changes upon ester modification of the peripheral ligands (Table S3 -2, ESI †). For Ru and RuPt, a tpy-based 3 MLCT state is the lowest in energy, whereas for EtOOCRu and EtOOCRuPt an EtOOC-bpy-based state becomes the lowest. This trend is the same for the lowest unoccupied molecular orbitals calculated at the ground state geometry (Fig. S3-1 , ESI †). The time evolution of the population of the (EtOOC-)bpy and tpy-localised 3 MLCT states of Ru and EtOOCRu has been studied by transient absorption (TA). Fig. 3 (and Fig. S4 -1, ESI †) shows the TA spectra of Ru and EtOOCRu. The TA spectrum of Ru shows two bands around 370 nm and 420 nm, with the first due to excited state absorption (ESA) of the bpy radical anion and the second related to the tpy radical anion. 5a,11 The ESA increase around 420 nm concomitant with a decrease at ca. 370 nm in time manifests internal conversion (IC) from a bpy-based to a tpy-based 3 MLCT state occurring within ca. 20 ps. Vibrational cooling is likely competing with this process. 5a The TA spectral features observed for EtOOCRu are different from those of Ru. An ESA band at ca. 350 nm increases in intensity within 1 ps, concomitant with a decrease of ESA at ca. 420 nm, as also evident from the kinetic traces provided in Fig. S4-1B 12 indicates that this ESA band is likely associated to a reduced EtOOC-bpy ligand. The assignment of the ESA bands at both 350 nm and 385 nm to the EtOOC-bpy ligands is consistent with the species associated spectra (Fig. S4-3 , ESI †) obtained from the photophysical model shown in Fig. S4 -2 (ESI †). Further indirect 
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support is provided by the differential absorption spectra under electrochemical reduction conditions (Fig. S2-3 , ESI †). The above assignment suggests that, although ester functionalisation of the bpy ligands does not significantly alter the ESA position of the tpy ligand at ca. 420 nm, the bpy-based ESA band is split, possibly due to coupling between different ligands. § The absence of spectral changes at times beyond a few ps (up to at least 6 ns, Fig. S4-4 MLCT tpy states in EtOOCRu is ultrafast (Fig. S4-2, ESI †) .
The TA spectral features of RuPt and EtOOCRuPt (Fig. 3 ) are similar to those of their mononuclear precursors. For RuPt, an ESA band at ca. 370 nm becomes less intense in time concomitant with a growth of an ESA at ca. 420 nm, indicating IC from bpy-localised 3 MLCT states to tpy-based 3 MLCT states. Again, as observed for the two monometallic precursors, the direction of IC observed for EtOOCRuPt is opposite to that of RuPt, indicating that cyclometalation by Pt does not change the direction of ultrafast intramolecular electron transfer. A photophysical model of EtOOCRuPt established by target analysis of the TA data is shown in Fig. 4 . The obtained species associated spectra are provided in Fig. S4 -5 (ESI †). Photoexcitation leads to EtOOC-bpy and tpy-based singlet excited states, which undergo ultrafast ISC 10 into EtOOC-bpy and tpy-Pt localised triplet states. The electron density at the bridge side moves on an ultrafast timescale to the EtOOC-bpy ligands (535 AE 17 fs). The backward electron transfer from EtOOC-bpy to tpy-Pt occurs at 43 ps. This equilibration results in only a minor population of the bridge based states. The TA data discussed above allow interpretation of the timeresolved photoluminescence data obtained before. 9 The excited state decay of Ru is mono-exponential (t = 796 AE 6 ns), indicating that the various peripheral and bridging ligand based low lying 3 MLCT states are thermally equilibrated. 13 For EtOOCRu (t = 1.05 AE 0.01 ms) and EtOOCRuPt (t = 625 AE 31 ns), ultrafast excited state equilibration results in a major population of the 3 MLCT EtOOC-bpy states, yielding a mono-exponential emission decay. However, for RuPt a bi-exponential decay (t 1 = 124 AE 58 ns, 15%; t 2 = 658 AE 19 ns, 85%) is observed. RuPd shows analogous features with the fast component more pronounced. 5a The fast component observed for RuPt is possibly due to enhanced spin-orbit coupling caused by Pt increasing the radiative decay rate. Alternatively, it can be explained by an increased rigidity of the bridging ligand upon coordination with the Pt centre, possibly resulting in a lowering of the energy of the deactivating triplet metal-centred ( 3 MC) level at the Ru moiety. The increased rigidity may also reduce the vibrational freedom of the ligand thereby increasing the difficulty of inter-ligand IC. This hypothesis is in agreement with DFT calculations showing that the root-mean-square deviation between the bpy and tpy structures increases upon bonding of the Pt centre (Table S3 -2, ESI †). As a result, both 3 MLCT states contribute to the photoluminescence, resulting in a bi-exponential decay.
As discussed above, an important effect of ester functionalisation of the peripheral bpy ligands involves a lowering in 3 MLCT energy levels. A major consequence is an inversion in inter-ligand IC direction, causing an ultrafast (535 AE 17 fs) population of 3 MLCT states localised on the peripheral ligands.
This result seemingly indicates that electron density is moving in a disadvantageous direction. A priori, it could be anticipated that movement of electron density from the photosensitiser to the catalytic centre by population of the bridging ligand would be beneficial for photocatalytic H + reduction. This strategy has been applied before by substitution of the bridge with an electron withdrawing CN group in a Ru/Pt photocatalyst (RuPt-CN), and improved electron transfer to the catalytic Pt moiety and hydrogen evolution were observed. 5c However, for
EtOOCRuPt the electron transfer direction is the opposite while at the same time a much higher efficiency is achieved for EtOOCRuPt compared to RuPt. 9 Definitely, the present work provides the first photophysical evidence challenging the conventional design paradigm based on a bridging ligand acting as electron density storage reservoir. Establishing a connection between storage of electron density at the peripheral ligands at early-times and the high H 2 TON and TOF values is not straightforward considering the multiple photochemical reactions occurring at later times. However, it is important to consider two key parameters required for efficient H 2 generation; a long excited state lifetime and efficient IC towards the bridging ligand. A long excited state lifetime is essential to allow multiple slow (diffusion controlled) processes to proceed. However, fast IC to the bridge does not guarantee a long lifetime. For instance, a negative side effect observed in RuPt-CN involved the recombination of 30-40% of the excited states within B1 ps.
5c Deactivation induced by the cyclometalated Pt due to, e.g. strong spin-orbit coupling and additional nonradiative deactivation, is likely to reduce the bridge-based excited state lifetime. 5a However, when the photoexcited electron is localised on the peripheral ligands, the relatively longer distance to the Pt centre makes the Pt induced deactivation channels less accessible. Furthermore, functionalisation of the peripheral ligands with ester groups stabilises the 3 MLCT states, increasing the gap with the deactivating 3 MC state.
14 These effects result in a longer excited state lifetime. An analogous trend has been observed in Ru/Mn photocatalysts for oxygen evolution: the lifetime is reduced from 1400 ns to 23 ns upon Mn coupling for unsubstituted complexes, whereas for the ester substituted analogues the lifetimes remain almost independent of Mn coupling (41000 ns). 15 Most interestingly, when the ester group is also present at the bridge, the improvement achieved by ester functionalisation of the peripheral ligands is lost. 16 Besides an improved excited state lifetime, populating the peripheral ligands by the first photogenerated electron may also have a significant impact on the potential energy surfaces relevant for the second photoelectron, promoting future investigation of this fundamental aspect. In summary, the key observation in the present work is that ultrafast intramolecular equilibration resulting in storing the first photogenerated electron on the peripheral ligands at early times allows a considerable increase in photocatalytic efficiency. This observation cannot be explained within the traditional framework based on the bridging ligand acting as electron storage reservoir. An important advantage of 3 MLCT states on the peripheral ligands relative to those on the bridge is their lower susceptibility to excited state deactivation induced by the catalytic centre. These results allow for the development of new design futures for the optimisation of molecular photocatalysts.
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Notes and references ‡ The fits for EtOOCRu and EtOOCRuPt are based on the photophysical models shown in Fig. S4 -2 (ESI †) and Fig. 4 . The fits for Ru and RuPt are obtained from global analysis using a sequential model. 
